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% A COMPUTER STUDY OF HIGH MAGNETIC
’ REYNOLDS NUMBER MHD CHANNEL FLOW

1.0 INTRODUCTION

|
|
: This is a final report describing theoretical and
- l computational studies of the fully coupled motions of a high
’ speed, high temperature plasma flow interacting with an applied
l magnetid field and an external circuit.
]
|

The flows of interest may be created by chemical
detonations and the ensuing process may be either inherently
unsteady [1] or quasi-steady [2]. In the unsteady process
(Fig. 1) the flow consists of a hot plasma ('"plasmoid") formed
between a driven ionizing shock wave and its following contact
surface. The plasmoid is created by a sudden release of energy
into a driver section which is in contact with a test gas in
which the plasmoid propagates. The conducting plasmoid enters
a region in which an externally imposed magnetic field B(O) and
electrodes coupled to an external circuit exist (Fig. 1). The
plasma conducts current to this external circuit and is subject
to Lorentz forces and Joule heating as it propagates through
j the magnetic field. If the explosion drive is a chemical
source, such a plasmoid will be of the order of 5-20 cm in
length in traversing a magnetic field region of the order of
100 cm at velocities of the order of 10% ms™!. The plasmoid

may exist at pressures up to 1 k bar and energies of up to
L
S eVv.

In a steady flow device, the physical schematic is the
same as in Fig. 1 except that a stagnation chamber exists ahead
of the MHD channel in which the explosion driven gases are
processed. This configuration yields a hypersonic channel flow
which is quasi-steady over the flow time scale in the channel.

It 05, Py:Uy:By are the characteristic electrical

meu.—‘




conductivity, mass density, velocity, and applied magnetic
field, the flow may be specified by an interaction number i and
magnetic Reynolds number T (in addition to the gasdynamic Mach

number):

R = K%Yy (1)

For an interaction region of 1length L, the nondimensional
numbers are defined as
L L
1= [ idx R_= [ r dx (2)
0 m Yo ™
When Rm >> 1, the appropriate measure of the interaction is the
parameter S defined as

S = (BF /ug)/ (PoUg) (3)

where the spatial average <> is over the electrically conduct-

ing portion of the region L. For a uniform plasmoid of length
2 =

a, these numbers become I = ch a/ POUO, Rm obftoUOa,

S = I/Rm. In the case of a steady flow situation, the

characteristic length, a, may be selected as the height of the

duct.

It should also be noted that the square of the Alfven
Mach number, Mf, is equal to the reciprocal of the interaction
parameter S (see Appendix A). Thus, electromagnetic effects
can nominally propagate upstream ("upstream wakes") for Rm » 1
only for 8 31 or "A ?ﬁ} (see [3]). By strong interaction we
mean flows for which S > 1 and by high magnetic Reynolds number
we mean Rm 3 1.

The primary parameters describing the motion are thus
the gasdynamic Mach number M, the interaction parameter 8 (or
1), and the magnetic Reynolds number Rm’ In addition, a number
of secondary parameters are required to specify the motion.
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These include the ratio of electrode length to duct height, and
when current flows to the external circuit, the external
current parameter J!,uolc/Bo where I, is the current per unit
depth flowing in the extermal circuit.
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Fig. 1. Schematic of explosion-driven plasma flow.




2.0 REVIEW OF PROGRESS

In these studies the authors at STD Research Corporation
have presented solutions to a succession of progressively more
complex initial value and boundary value problems building up
to the strong-interaction, high magnetic Reynolds number
motion. Thus in (4], the strong interaction, high magnetic
Reynolds number motions were studied in the quasi-one-

dimensional approximation. In that work several important

phenomena were revealed for the first time. It was shown that
under conditions of strong interaction and moderate-to-high
magnetic Reynolds numbers the interaction 2zone progressively
decouples from the shock front and evolves into a magneto-
hydrodynamic discontinuity (suitably dispersed depending upon
the magnetic Reynolds number) which moves at the particle speed
of the fluid rather than at the shock front speed. It was
further shown in [4] that upstream running shock waves will in
general be created in the interaction zone under conditions of
large interaction parameters.

In [5]) the authors considered the two-dimensional motion
under conditions of low to bigh magnetic Reynolds numbers but
under conditions of weak interaction. In this case, the
electrical motion is that which results from a two-dimensional,
high~speed, turbulent flow proceeding in a constant area duct;
since the interaction parameter is vanishingly small the fluid
motion is not influenced by the electrical motion. Since there
are no geometrical nonuniformities or magnetohydrodynamic
forces operating on the fluid, there are no shock wave
interactions set up. The principal fluid nonuniformities are
the turbulent boundary layers generated on the duct walls. In
these studies the detailed eddy-current motions in the non-
uniform regions of the applied magnetic field were revealed;
but more importantly, the current distribution withia the
conducting fluid resulting from the electrode system and the
external circuit current were also revealed. In particular it

gy
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was shown that for magnetic Reynolds numbers in the range 10 <
Rm < 20 the current flowing between the electrodes is convected
fully downstream of the electrode gap. As a result, the
Lorentz forces which would act on the fluid exist downstream of
(and not within) the interelectrode gap. It was further shown
that even for electrode systems which are maintained such that
the electrode edges do not extend into the fringe field of the
applied magnetic field, there is still considerable coupling of
the fringe field induced eddy-cells and the electrode system,

particularly when the external circuit is open.

In [{5] the authors studied a quasi-three-dimensional
description of the strong interaction-high magnetic Reynolds
number regime. There it was shown that the Lorentz forces
concentrated in the magnetic boundary 1layers under strong
interaction conditions would stall these boundary layers and
establish a recirculation cell system in the duct with a
central jet of plasma which would be relatively free of Lorentz
forces. Because of the restrictions of the quasi-three-
dimensional model, the reflected-upstream moving shock waves as
well as the details of the recirculation cells cannot be
described. Only the onset of stall and recirculation can be
predicted.
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2. THE MATHEMATICAL DESCRIPTION OF MAGNETOGASDYNAMIC
FLOWS AT STRONG INTERACTION AND HIGH MAGNETIC REYNOLDS NUMBER

2.1 Fluid Conservation Laws

. We may describe the fluid in terms of its mass density, p,
velocity I-J., and internal energy €. We describe the electromagnetic
effects in terms of the electric field E and magnetic‘ field B. These
variables are considered to be general functions of space x and time t.

) The conservation laws for mass, momentum, and energy are

] . (aT) =
3¢ TV - (pU) = 0 (1)

——

a%(pﬁwv-(pﬁ'ﬁ’) =V.7T +TxF (2)
= [p(e - UZ/Z)] + T[(e +U2/2) pfx‘] =7 (’n’- T)-v-q+7-E (3)

In the conservation laws, 7 is the total pressure tensor and
E is the heat flux vector. This system of conservation laws is completed
in the limit of infinitely fast kinetics by the kinetic and caloric equations
of state

p=oplp, <) (4)
€ =¢€(p,T) (5)
where p is the isotropic part of the stress tensor 7 and T is the

temperature. For a general fluid the state equations, Egs. (4), (5) cannot be
- explicitly given but are embedded in the general statistical mechanical

TR LS

. description of the equilibrium thermochemistry of the system.
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a ]
o !
i In the case of a perfect gas with particular gas constant R
and specific heat ratio y c¢xplicit formulae may be given:
i
p=pRT (6)
) 1
€ = (y-1) RT (7) ]
4
P = ply-1l)e (8)
i
2.2 The Electromagnetic Contributions

The electrical equations (consisting of the Maxwell equations
and the generalized Ohm's law) govern the electric and magnetic fields
E,E and the conduction current density T. In the hydromagnetic limit

these are
= 9B ]
i ‘ VXE = T (9
VxE = pgd (10)
V-B =0

?:a-(fi- EI.XE)+7K

where -J.K is the thermal diffusion flux vector,

.TK= cK

and K is given by [1]

K= -[e“’vre+e‘z’V1'exT3°+e(3) (VT xB)xB

N
- Z [bg)Vpa+ pf)vpax -B.+pg3)(Van‘§)X-B.]

az={

-
1
?

-




The 9“2--‘ and Bf,”" * are transport coefficients defined in
(t], T, is the electron temperature and the 'subscript a denotes a
plasma component,

The contributions to the momentum and energy of the system
by the electromagnetic field are contained within the Lorentz force,
T x B and the Lorentz power J + E. The Lorentz force may be

represented in terms of the Maxwell stress tensor T. as

TXxB =9.T (14)
where the Maxwell stress tensor is defined as
T =& (1'3’ F - B%/2 '1’) (15)

Correspondingly the Lorentz power may be represented in terms of the
Poynting flux 5 and the electromagnetic energy density e n

J-E:-V'S-at (16)
The Poynting flux S is defined as
T =0 'ExE , (17)

while the electromagnetic energy density is

-t B2/, (18)

¢ )

m

Let us expand the Poynting flux in terms of J, B through the use of
the Ohm's law

We have

R I TR e R R e e R e
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— - — — -ln — - — —, — — —
7 = 30‘(3 xB): (ﬁou) T xF -4 (U xB)xB o' K xB

The termJ % B is simply V- T , The term (U X B) X B is readily
shown to be

(TxB)xB =T - (BE)-T(B-B)
which can be rearranged to

g
-

(B F - B%/2T)-T (B%/2)

cl

(TxB)xB =
The Poynting flux is therefore represented as

L

T +nV-T -n'J’KxE’ (19)

“
"
L]
<l

where n = (::Oo').1 is the magnetic diffusivity, We note th'at the Poynting
flux can be decomposed into four constituent parts: (a) a purely convected
flux of electromagnetic energy carried by the motion of the medium
(emI-J.): (b) a power flow represented by work done pe:_unit; time by the
Maxwell stresses acting on the moving medium -U T ; (c) a diffusive
flux of electromagnetic energy driven by gradients of the Maxwell stress
tensor ¢nV-T); and (d) a power flow represented by work done per unit
time by the thermal diffusion flux (-nJy x B).

The electri¢ and magnetic fields and currents may be expressed
in terms of vecter potentials A and scalar poteatial & as

B =VXxAa (20a)
E = -Yo - i‘-:— (20b)
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) 2.3 Fluid-Electrical System

The mass, momentum, and energy equations for the general,

viscous, hydromagnetic system may now be expressed as

g -

S+V-W =0 (21)

%g.+v-i~‘=v-‘f‘ : (22)
., 0. T=V-(T-D-V-0V-F)-Vq+V-%x B (23)

at

-ln

In the above M = pU is the momentum density and I' is the total fluid
and electromagnetic momentum flux -

T =00 +pLl-T (24)
The total energy density is
e = ple + U%/2) + e (25)
P m
and 7 is the total enthélpy flux vector
E=[(e+p)’i°-§7]-ﬁ‘ (26)

The fluid stress tensor T has been decomposed into a pressure p and

-ups
viscous stress tensor T where

P = -3 Trace (T) (27)
: and
. T =-pl + 77 (28)
1
. We may define the electromagnetic pressure P, 28 the mean

. normal compressive Maxwell stress:




- % Trace(7T ) (29)

Pm

Expressed in terms of the magnetic field intensity B, the pressure is
L a2/, :
Pm =3 (87/2%,) (30)
or expressed in terms of the electromagnetic energy density en

=

Ullu-—

e (31)

Pm m

The Maxwell stress tensor may be decomposed into a mag-
netic pressure p and a Maxwell stress deviator from isotropy T, 2s

T e Te-p,T 32

Equation (32) may be thought of as the defining equation for the Maxwell
stress deviators F*. The mass, momentum, and energy equations may
now be rewritten in alternative form as

] —
-5%+V' M =0 (33)
M+ v.G=v.T,+v. 7 (34)
BV H=V- (T TP+ (T -V-T-7-aV-T)+V-0IgxB)  (39)

In the above, G is the total momentum flux with only the magnetic pressure
included as the magnetic contribution

G =pUU+ (p+ pm)"r’ (36)

while H is the total enthalpy flux consisting of both fluid and electro-
magnetic pressure and energy contributions,

H = [e +(p+ pm)] i (37)
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In terms of the total energy density e, the momentum density
M., and the electromagnetic energy density e the state equations (6) -
(8) become

P = (v-l)[e - e -uz/?-p] (38)
T = p/pR = ‘xp;a-u'[e -em " MZ/Zp] (39)

Let us now consider the transformation of the electrical
equations (9)-(12) into more useful forms., Combining Eqs. (9)-(12) we
obtain the governing equation for the magnetic induction B:

-
-ty

%?--Vx(ﬁ'xa)s-Vx(anf)i»ka' (40)
We note that given the magnetic induction E.(;, t) governed by Eq. (40)
one immediately has specified the Maxwell stress tensor T and the
electromagnetic energy density e . Further, the current deasity T is

determined from B as

-

J = f;\°.1v xB
and the electric field E as

E=-UxB+nvxB -K

2.4 Viscous and Heat Conduction Effects

Let us now make some observations about the viscous stress
tensor t and the heat flux vector ; The Navier-Stokes moments of
the Boltzmann equation yield kinetic theory forms of these quantities:

T = @0, (41)
?{L = -AVT (42)

Adipug-JVA - . g P i 1o s A BN 3] A, W PP

e o ae .




In the above, u and \ are the coefficients of viscosity and thermal

conductivity and (VU)0 is the symmetrized, traceless velocity gradient
tensor: ]

— U, AU, au
1 d, ). .1 "k
(VU)Oij * Z(ij * axi) 3 X, 5i.j j
ui

We denote the stress tensor and heat flux vector with a subscript L to
denote that these are laminar quantities. If, on the other hand, we .
interpret the fluid variables p,U,€, T, ** as turbulent mean quantities, %
then ¥ and ; contain turbulent contributions due to the turbulent velocity
and enthalpy correlations, Hence, the complete stress and heat flux
fields for a turbulent hydromagnetic medium are

- -t — -—
qQ =(pU h) + qp + qp

where -f.'l.',h' are the turbulently fluctuating velocity and enthalpy and ()
denotes an ensemble average, A detailed higher order closure theory for
the turbulent contributions (pff'ﬁ.') ) (ptT'h') is given by Demetriades,
Argyropoulos, and Lackner [2]. The radiative heat flux is ;R' Since

the optical depths in dense, explosion generated plasma are so small,

the radiative heat flux is only important in layers near the plasma surface
of the order of the radiation free path.

2.5 Nondimensional Forms

Let us consider the nondimensionalization of the fluid equations
(33) - (35) and the electrical equation (4 ). For this purpose let us
specify characteristic values of the variables as po,Uo,eo,po.To,'“ as
well as magnetic field B,. We define a characteristic length L and
charaiteristic time t; = L/Uo. We indicate nondimensional variables
with ().




g l The fluid and electrical conservation laws then become

2,3%.45 =0 (43)
J 24 ,g.F - a"ﬁ-[z;(éﬁ)o] (44)
a e
‘! -~ — - p— -1
| iaf_-+ V- =R]'V [z.'IU (VU)°]+ [(Y-l)MZRePR] V-AVT) -
t
Fi, -1~. ~~..= -~ -: :-.)
4 - samv NnVer)-287V.( JKxB (45)
31
v = -VUVX({(UXB)=-R {Vx( VxB) -VX(n )} (46)
L‘ at m x

In the form in which the Maxwell stress tensor is decomposed the left hand

1 '. sides of the momentum and energy equations take the forms
} : - - - =
, 24 ,$5.5-5F.7, - +F. T
at at

[ ]
[
-
®

-

The nondimensional variables are defined as

!
[[]

Uqt/L V = LV

ed dnand Smand pS—
=1]}
']

| g/vu,
3
P = p/pg
N = N/ PoY

umd
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I T =T/T, y
c = 3{2 [y(ig—’)Mz] + 5"'}+ Se_
€ =e/l(yv-1'RT]
em = (B/200)/(B3/26y)
E = E/UyB,
B = B’/Bo :
- A = &/(By/L)
® = 8/(UyB,L)
El 1
I =T/ By/L)
I = Ig/legUoBy)
- s -1 ~ Ve
G =pU U+ (sz)p+Spm I
F sp00 +(yM!pT -s7
-~ Z A
Pm © Pm/(Bo/zﬂo)
H = [e+(yMz) p+Spm]U
= -~ o -1 =
H l[(e+(yMz) p)T-ST]'U
T« F/8Y/2)
X =A/Ay w=wleg 0 =n/ng
where
xo = MPO'TO)' Ko = F(Poo'ro)o o 'n(Pooro)-

The state equations (38), (30) in nondimensional form are




y(y-nMZ[Z - se_ - EZ/F]

T=E
P

ol
n

i
It can be seen that the general viscous hydromagnetic equations ’ i

contain six fundamental nondimensional parameters. These are

i ; M Mach number UO/ (Y‘Po/ Po)l/ 2 s {
s ' z 2 t%
; s Interaction parameter (Bo/ Zﬁo)/ (poUo_) ;
| .
R, Magnetic Reynolds number (UOL/"O?
R, Viscous Reynolds number poUoL/p.o i
3
Pp Viscous Prandtl number (cpuo/xo) j
We note that the Alfvén speed C, is defined as |
1/2 :
2 !
CA = (B /ﬁop)
and the Alfvén Mach number is M A S u/c A- Hence the interaction param-
i eter S is also twice the reciprocal of the square of the Alfvén Mach number. Do
For flows in the absence of viscous and diffusion effects :?
: ; R, — =, Re == o we obtain the inviscid hydromagnetic equations: :
I 88 , G- =0 ] (47)
! ot
;
| r1 - . e
? Q_g.+v.[a-sf*]=o (48)
‘ 13

!
'




3—5+v-[ﬁ-ﬁ h]:o (49)
at
8B _ Gx@xB'=o0 (50)

Q
~?

The jump equations across hydromagnetic shocks immediately follow

from Eqs. (47)-(50).
(7)o

{5-55*}=o (52)
{ﬁ-i}'-i*}zo (53)
{?X(ﬁxﬁ)}=o (54)

where { } denotes the difference in the quantity across the shock surface

and n is the normal to the shock surface.

Since the electrical conductivity achievable in nonideal plasma
is large but finite, the magnetic Reynolds numbers are not infinite but

perhaps vary in the range 1 = R = 20,

In this range, the appropriate system is the inviscid, finite
conductivity hydrorixagnetic system:

PG

(55)
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% +F .7 = -k T .77 (57)
m

ot

B = = T 1. L. =

—=— - VUX (UXB) = -R_VX(nVxXB) (58)

at m

or in the alternative form, the momentum and energy equations are

M 4 G.5 =597, (56a)
At N
—= +V-H :SV°(U-T*)-SRmV'(nV-T) (56b)
at
2.6 Applied and Induced Fields
Let us separate the magnetic field B into an applied portion
E(O) sustained by currents external to the plasma and plasma induced
portion E(") which results from currents flowing within the plasma:

B =80, g (57)

The induction equation, Eq. (58), then becomes

ag(i) ~ = =(i) i (= ~= =(i) -~ o~
= - VX(U XB = -R_JVX(nVXB )-Vx(nJK)}
at m
i~ o~ =(0) =(0)
-Rmvx(n VYxB )-B (58)
':‘(0) N
where 3B is denoted ﬁ (0)
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) Abstract

The magnetohydrodynamic behavior of shock-
generated pulses of plasma ("plasmotids®™) in
encounter with an applied magnetic field is
studied, Reflection and transmission of the
plasmoid shock front is revealed as well as the
existence of Joule heated zones which are
convectively unstable, It is shown that strong
interaction plasmoids are not delimited by shock
front and following contact surface; rather, they
develop their own internal, evolving structure
under the mutual influence of self Joule heating,
and induced magnetic field. As a result, the
interaction zone behind an ionizing shock wave will
progressively decouple from the shock front and
follow a trajectory given by the particle motion of
the gas rather than the wave motion of the shock
front.

1. Introduction

In the present work we study the bdehavior of
shock-generated magnetohydrodynamic flow over the
range of weak and strong magnetohydrodynamic'
interaction and low to high magnetic Reynolds
numbers, Such a flow consists of a hot plasma
"plasmoid® formed between a driven ionizing shock
wave and its following contact surface. The
plasmoid i3 created by a sudden release of energy
in 8 driver section which is in contact with a test
gas in which the plasmoid propagates. Such a flow
may be driven, for example, by the use of focused
chemical explosivesi-2,

The conducting plasmoid enters a region in
which an externally imposed magnetic field B, and
electrodes coupled to an external circuit %xist
(Fig. ). The plasma conducts current to this
external circuit and {3 subject to Lorentz forces
and Joule heating as it propagates through the
magnetic field. If the explosion drive is a
chemical source, such a plasmoid will be of the
order of 5-20 cm in length in traversing a magnetic
field region of "‘! org,r of 100 cm at velocities
of the order of 10 ms . The plasmoid may exist
at pressures up to 1 k bar and energies of 5 eV.

If o .po.U are the characteristic electrical
conducu'&ty. ﬁss density and velocity within the
plasmoid, the flow may be specified by an inter-
action number per unit length i and magnetic
Reynolds number per unit length r_ (in addition to
the gasdynamic Mach number), »

2
c.B
{ = _Lo_ rm = "0 ¢°U° (1
Pl
For an interaction region of length L, the non-
dimensional numbers sre defined as
L L
le;idx le];rmdx (2)

When R >> 1, the appropriate measure of the
interadtion is the parameter S defined as

s= (B5/uy)/ (pU%) 3

where the spatial average () is over the elect-
ricslly conducting portion of the region L. For a
uniform plasmoid of length a, these numbers become

1= 0gB3a/pgUqs Ry, = 7quoUqa, S = I/R .

Pulsed magnetohydrodynamic flows have been
examined in the case of low magnetic fReynolds
nusber (R << 1) and weak interaction (I < 12,
Because of the low intersction, these studies
revealed simple current flow through the plasmoid
and weak magnetohydrodynamic deceleration.

The tranaverse ionizing shock wave which forms
the front of the plasmoid has been extensively
studied in the limit of infinitely large magnetic
Reynolds number»* "% In addition to the exposition
of the general Rankine-Hugoniot conditions for
these shocks® it has also been demonstrated tha
such shock waves can be reflected as well as trans-
mitted upon encounter with an externally imposed
magnetic field. These studies also showed that the
electric field in front of the shock must be self-
consistently determined with the dynamical state
behind the shock and the electrical boundary
conditions imposed upon the gas®

In the present study, we examine the
magnetohydrodynamics of the whole plasmoid in its
encounter with, and transit through an externally
imposed magnetic field, We show that under con-
ditions of strong interaction, hyperveloecity
plasmoids can possess a rich variety of magneto~-
hydrodynamic phenomena including magnetically
reflected shock waves, embedded MHD di tie
nuities, and significant periods of transonic flow
within the plasmoid. In particular, we reveal the
dynamics of reflected and transmitted waves through
the plasmoid i{n bdoth the low and high magnetic
Reynolds number regime., We reveal the behavior of
electrothermally unstadle plasmoids. We show that,
in general, the plasmoid is not delimited by the
region between the shock front and contact surface.
Instesd, the plasmoid develops its own internal,
evolving structure governed by the mutual inter=-
sction of self-heating and induced self-fields.

Shock-generated hypervelocity flows of this
kind are subject to a variety of nonideal
phenomena. These {nclude wall interaction effects
(viscous losses, gas leakage, and ohaic voltage
drops in boundary layers), thermal radiation
losses, and kinetic/ionization relaxation effects
behind shock waves. In the present study we ignore
these effects and examine those phenomena which
arise specifically from the magnetohydrodynamic
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interaction.

In Part II of what follows we present a mathe-
matical description of the flow of quasi-one-
dimensional plasmoida. In Part 111 we examine the
dynamics of strong interaction plasmoids with an
applied magnetic field but at low magnetic Reynolds
number. In Part IV we similarly consider strong
interaction plasmoids but at large magnetic Rey-
nolds number. In Part V we fllustrate the behavior
of "transitional™ plasmoids. These are flows in
which the plasmoid enters the magnetic field at
relatively low values of interaction parameter and
magnetic Reynolds number, As 3 result of self-
Joule heating, however, the plasmoid conductance is
elevated as it progresses through the field
carrying it into the strong interaction, high
magnetic Reynolds number regime.

II., Mathematical Description

A. Conservation Laws for Fluid and Electricity

We consider a quasi-one-dimensional descrip-
tion of the gas moving over the spatial coordinate
x in time t. Average properties (over the cross-
section) of the duct describing the flow are its
density P, internal energy € , velocity U, and
pressure p. The magnetic fleld W we separate into
an applied field B, and s field B, induced by the
plasma currents. oﬁ'ron these we iqlcet the total
mass, momentum, and energy densities

[p.m = pU, e=ple+U%2) + B2 po]

as the state W(x,t) specifying the flow at any
point in space and time:

4
Wix,t) 4l m (%)
ey
The fluid conservation laws are
W aF
— - — = (5)
3¢ " ax t2

In the sbove, f represents the convected fluxes of
mass, momentum, and energy while = contains the
Lorentz force and power associated with the applied
magnetic field and the Joule dissipation.,  These
are expressed in terms of current density J and

magnetic field o*
m 0
Es|m¥+p+BYa,| == (TxBy, [t&
m/ple 4 p+ B/ 2uq) 3% - T+ (TxBy)

In this 1illustration study we asssume that the
kinetic effects are confined to the relaxation
lgyer at the shock, asnd further, that the
relaxation layer is thin compared to the overall
thickness of the plasmoid.

for the simple geometry (x,y,z) of Fig. 1, the
magnetic field B is given by B10,0,8), the electric
field by r. ‘ﬂo.:.oa. and the current dy J =a
J(0,J,0). The description for the near fields .}.B1

of the plasmoid is then given by Ohm's law and the
Maxwell equation in the MHD approximation:

3 w(z-:-ual-uao) M
%i—'\ - ~n(E - UB, - UB,) @

vhere n = (,.0,)" 1s the magnetic diffusivity.

External {nteraction conditions with an
external circuit including inductive coupling with
the applied magnetic field coil are required to
complete the description of actual flow situations.
Rather than include such circuit detail in these
{llustrations we assume that the external circuit
is configured so that an electric field E 2
Y(0.E,0) i3 maintained within the interelectrode
region whose magnitude 1is uniform in space and
given by

E = X(UB) 9

where K i3 a “"load” parameter (0 s x 5 1). For a
passive external circuit, the value «x = 0
corresponds to a shorted external circuit; for « =
1 the external circuit is open circuited.

The fluid variadbles P ,p,T,co,U are nondimen-
sionalized by the values Po.Pg+Tges 7qg .V
characterizing the interior of the inilial plaswoid
belore encounter with the _magnetic field. Ner
dimensional space and time x,t are defined in terms
of x, nondimensionalized by the plasmoid length a,
and t by aslg. The nondimensional parsmeters
governing the interaction are the Mach number M,
the gas heat ratio Y, efther of the interaction
parameters I or S, and the magnetic Reynolds number

R-.
B. Boundary and Initial Conditions

In the limit of R.-co ., the system consisting
of Eqs. (4) and (7) is fully hyperbolic. For
finite- R_, the system is mixed hyperbolic/parabolic
with emBedded regions where resistive effects
oceur, The boundary and initial conditions which
specify the interaction problem for an explosion
generated plasmoid encounter with a magnetic fleld
sre as follows., As sn initial condition we take an
{dealized explosion driven flow in which the
plasmoid of given dreadth a occupies the hot zone
between contact surface and shock front? (Fig. 3).
At time t = 0 the shock front is located at the
edge of the magnetic fleld. Over the time scale
for the dynamics ol interest the shock front of the
plasmoid will run continuously into the quiescent
driver gas while the backward running rarefaction
continuously runs into the explosive source. Hence
the doundary conditions for the fluid equations are
those of specified explosion and quiescent states
at the boundaries x s ot.‘. X s -l.2 respectively.

The doundary condition for the induced magnetic
field B from E£q. (8) i3 that of symmetry across
the oveball plasmoid 30 that st x = L ., x = -Lz
which lie outside the region of any currgnt. flow
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The applied magnetic field Bo is uniform in both
space and time,

C. Numerical Procedures

The solutions to the initial-value problems
formulated above and to be discussed in Parts III,
IV, and V are computationally generated with second
order accurate explicit finite difference opera-
tors, The hyperbolic system is treated with the
MacCormack version of the Lax-Wendroff-Richtmyer
operator® . For the space-time grid utilized,
comparisons were made with the analytically
available solutions for the zero and infinite R ,
2zero 1nteract§on limits, At the extreme pressupe
ratios of 10° petween driver and driven gas for
these explosion generated plasmoids, the maximum
variations between the computationally generated
and analytical solutions within the plasmoid
(expressed as a fraction of the analytical
solution) are 0.025 in velocity, 0.04 in pressure,
and 0.08 in temperature.

III. Interaction at Low Magnetic Reynolds Number

We now proceed to the first of several
illustrations of the foregoing description. Ve
consider first the strong interaction of a plasmoid
with the magnetic field but at low magnetic
Reynolds number., In Fig. 2 the kinematics of this
situation are shown. When the incident plasmoid
encounters the magnetic field, the leading shock
front may be both transmitted and reflected. In
the case of reflected fronts, the rear (contact
surface) of the plasmoid subsequently interacts
with the reflected shock front, This colliding
disturbance then radiates a fast and slow reflected
shock (denoted shock II) basck through the plasmoid
(which consists of subsonic flow behind the
reflected shock front) where it then collides with
the now strongly decelerated shock front,

For the illustration shown here, we sclect a
plasmoid with Mach number M =z 1,64, interaction
parameters I sz 20, S = 200, and Reynolds number R
2 0.1, just before encountering the magnetic field?
The full conditions for the flow are given in Table
I. Ve impose the condition that the electrical
conductivity is spatially uniform within the high
temperature plasmoid (we consider electrical
conductivity functions which are consistently
coupled to the gas thermodynamic state in Part V),
This uniform conductivity distribution is achieved
in’ the computations with the model conductivity
funetion

0 T/Ty<1/3

% 'r/'ro z1/3

which effectively switches on a constant conduc-
tivity ¢, within the plasmoid and switches the
conductivity off outside the zone in which the
plasmoid exists. The dynamics of the interaction
are exhibited in Figs. 4, 5, and 6. When the

plasmoid shock front encounters the magnetic field,
it is bdoth reflected and transmitted. The
reflected shock I collides with the contact surface
and initiates a fast reflected shock II and a slow
reflected shock,

The fast reflected shock II

JUR TR A

reestablishes high velocity flow through the
plasmoid and reencounters the transmitted shock
front which has been decelerated. During this
period of strong wave dynamics the current
distribution within - the plasmoid is strongly
affected (Fig. 5). The current is diminished to
very small values during the period of plasmoid
deceleration behind the reflected shock I, and then
returns back to enhanced levels after passage of
the fast reflected shock II. The low magnetic
Reynolds number of the plasmoid allows the current
to diffuse nearly uniforaly throughout its breadth.

IV. Interaction at High Magnetic Reynolds Number

We next consider the behavior of a uniform con-
ductivity plasmoid in the high magnetic Reynolds
number regime. For this case the incident plasmoid
has an interaction parameter I =z 20 as in the pre-
vious illustration but a magnetic Reynolds number
R =z 5. Correspondingly, the interaction number S
n3s the reduced value S = 4. . The full conditions
for this flow are given in Table II. The encounter
of this plasmoid with the magnetic field is similar
to that of Part III. The features peculiar to the
higher Reynolds number are best perceived in the
current distribution of Fig., 7 which (s more
nonuniform compared to that of Fig. 8. When the
current levels rise behind the reflected shock II,
they do so by directly following the shock until it
merges with the transmitted front. The current max-
imum then remains at the shock front of the plas-
moid. AS a result of decelerating Lorentz forces
concentrated immediately behind the shock front,
the shock front is slowed and the overall breadth
of the plasmoid is decreased as it progresses
through the magnetic field. This is in contrast to
the plasmoid dynamics of Parts III and V.

V. Transitional Plasmoids

We now turn to consideration of plasmoid behavior
with a coupled electrical conductivity model. In
contrast to the previcus illustrations in which the
conductivity is spatially uniform within the high
temperature plasmoid and vanishes outside, we
consider a conductivity which is appropriately
coupled to the thermodynamic state of the gas. As
a result, local regions within the plasmoid can be
rendered more conductive by the self-Joule heating
of the plasmoid. With the electrical conductivity
strongly coupled to the Joule dissipation, a
plasmoid in the low I, low R_ range can evolve into
the large I, large R_ range as it progresses
through the magnetic rid1d and experiences further
Joule heating. We term such flows "transitional"®
plasmoids.

We consider a conductivity function of the form

-1 -1 -1
[ "en”ei (10)

in the above ¢ o is an electrical conductivity of a
neutral spocus background and 7, is the Coulombd
conductivity., We use as a sumr‘y representation

of these two contridbutions the forms

c‘navo(ﬂ-) ()
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3/2 (12)
Toi =152 2 0 T/ /tar

where f" is the average effective ionic charge
and ¢, %‘ . dnA, n > 0 are parameters for a given
gas. oo

The conductivity function Eqs. (10)=(12) {is
dominated by the partially ionized conductivity c,
at low temperature and goes over to the Coulo®
(fully-fonized) conductivity at high temperature.
This conductivity function has the propertyde/3T2
O over the entire range of temperature, Since
there are no thermal energy 10ss mechanisms (which
would be principally radiative) included in the
model, the plasmoid is unconditionally electro-
thermally unstableif*fZ This convective
inatability is simply a growth of temperature non-
uniformities within the plasmaid due ta intensify-
ing Joule heating resulting from growing electrical
conductivity.

The interaction of a representative transi-
tional plasmoid is shown in Figs. 8-10. This
plasmoid has interaction parsmeters I s 1, § = 1
and magnetic Reynolds nuaber R_ = 1 just before it
enters the magnetic field. The complete conditions
for this flow are given in Table I11I. It should be
noted that the interaction at entry into the mag-
netic field is considerably smaller than the i{nter-
action described in Parts III and IV. The plasmoid
progresses into the field where it begins to self-
heat and decelerate. The modest {nteraction at
plasmoid entry to the magnetic field does not
creste distinct reflected waves, bdut rather a
strong and continuous deceleration. Magnetic
Reynolds number and interaction parameter grow
significantly has the plasms i3 heated., At time ¢t
3z 2.6, the magnetic Reynolds number is in excess of
10 and the current hss progressively become sheet-
like. It should be noted that the current maxima
no longer follow irmediately behind the transmitted
shock front. Rather, the current concentrates in
the e¢lectrothermally hested zone which is then
convected at the local fluid speed rather than
radiated at the shock front speed. This
decelerating electrothermal instability is then
swept up by collision with the waves initiated by
the arrival of the contact surface at the magnetic
field inlet. A feature of note is the development
of reversed current flow in the upstream portion of
the current sheet due to the sharply diminished
magnetic field behind the current sheet at large
.

[ ]

¥1. Summary Remasrks

In this study we have illustrated significant
purely magnetogasdynamic phenomena which occur when
8 hypervelocity pulse of plasma ("plasmoid®) en-
counters an applied magnetic field under strong
interaction conditions, With uniform electrical
conduetivity within the plasmoid (and venishing
electrical conductivity outside), reflection and
transmission of the plasmoid shock front are
possible coupled with strongly nonuniform current
evolution in time. Such plasmoida with large
nagnetic Reynolds numbers have current distri-
butions (and decelersting Lorentz forces) concen-
trated iomedistely bdehind the shock front. As a
result of shock front deceleration, these plasmoids
giminish in Dbreadth as they proceed through the
nagnetic field. With electrica)l conductivity
within the plasmoid coupled to its thermodynamic

state, the plasmoid is electrothermally unstable
and creates its own, evolving region of enhanced
electrical conductance which carries most of the
current and is convected at the fluid speed within
the plasmoid. The shock front becomes increasingly
free of current and runs progressively farther
ahead of the unstable current structure embedded in
the plasmoid interior.

Nonideal phenomena such as viscous wall layers,
kinetic=relaxation effects behind the shock front,
and thermal radiation losses can play important
roles in these strong interaction flows. The basic
structure of the magnetohydrodynamic interaction
itself, however, is a prerequisite to the
description and understanding of these additional
modifying effects.
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TABLE I
Conditions for Intersction at Low Magnetic
Reynolds Number

rﬂ Quiescent driven gas temperature

Quiescent dl:tvcn gas pressure

Po

M=z 1.68 Y= 15
Py/P, * 232
10/1’. s ¥ K s 0.5

TABLE Il
Conditions for Interaction at High Magnetic
Reynolds Numder

Ms 1,64 Y=z 1.§
90/9‘ s 23
TOIT“ s 85 K s 0.8
TABLE IIX
Conditions for Tranaitional Plasmoid
Ms 1,64 0* 1080
Pp/P, * 232 " ns 3N
ronn s 45 zorr”'m' 0.16
vz 1,85 k= 0.5
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Pig. 1. Schematic of explosion-driven plasmoid flow
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Pig. 2. Space-time diagram of strong interaction
hypervelocity plassoids. Plasmoid trajectory in
the limit of vanishing interaction is delimited by
the shock froat trajectory $8°'S8’’ and contact sur-
face trajectory CC'C''. Plasmoid shock front re-
flection 3°C’ and transmission 8°'S‘’ are initiated
at encounter with magnetic field. Contact surface
encoumters reflected front at C' which generates
fast reflected shock IXI (C'C*™), slow reflected
shock II (C'C’'**‘), and convected wave (C'C'').
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Fig. U. Veloeity field of plasmoid in transit through an applied magnetic field under strong interaction
(1 = 20), lov magnetic Reynolds number (Ry = 0.1) conditions. Shock front of plasmoid is both reflected
from magnetic field (a) and transmitted into magnetic field (b). Reflected vave I (a) collides with con-
tact surface (4) and initiates a fast reflected shock II (e) and slov reflected shock (g). Reflected vave
II (e) merges with transmitted shock front (f). Contact surface (h) separates conducting from nonconduct-
ing gss behind. Note transitory region of sharply diminished velocities within the plasmoid during the
period of reflection and rereflection of the shock front. ’
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Pig. 5. Current density distribution for conditions of Fig.b. Initial peak of current density (a} dim-
inishes sharply as Dlasmoid velocities diminish behind reflected shock front I (b). After passage of
reflected shock 1I {¢) current levels rise (d) and remain uniform through plasmoid. With uniform con-
ductivity model, conductivity is uniform between shock front (e) and contact surface (). At lov magnetic
Reynolds number (Ry » 0.1), current is diffused nearly uniformly over plasmoid.
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Fig. €. Temperature distridbution for conditions of Fig. 4. Othervise uniform temperature of plasmoid is
affected by wave dynamics, and most significantly, by Joule heating. Weak initial current levels due to
reflected shock front I (a) as shown in Fig. 4 lead to weak elevations in tempersture due to Joule heat-
ing (b). Note that heated region within plasmoid at that time is convected at lov velocity. Transmitted
shock front is sharply decelerated. Contact surface is much less decelerated during this period. After
passage of reflected shock II (¢}, Joule heating increases significantly thereby elevating plasmoid

interior temperature (b). Folloving passage of reflected shock II, plasmoid interior is convected at

velocities ranging between that of front and that of contact surface. Trace (e) is due to the slow
reflected shock wvave II.
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Pig. 7. Curreat distridbution for s strong intersction plasmoid at Ry, = 5, Dynmamics are similar to those
exhibited in Figs.LlL-§, hovever the larger Reynolds number permits more nonuniform current (and induced
sagnetic field) distridutions. Current pulse initiated by encounter of plasmoid shock front (a) gives
vay to diminished currest levels in lowv velocity region behind reflected shock froat I (b). Current
levels rise and shift to front of plasmoid (c),(d) after passage of rerlected shoeck front 1I. Note that
current concentrates immediately behind shock froat in contrast to that of Fig. S (vhere current is nearly
unifora) and thet of Fig.10 (vhere current is nearly absent) behind shock front.
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Fig. 8. Veloeity distribution for s transitional plasmoid. Plasmoid enters magnetic field with I = 1,

Bp = 1, S = L. Modest interaction at entry to magnetic field does not generate distinct reflected vaves,but
rather strong and continuous deceleration. Magnetic Reynolds number and interaction parameters grov
during the course of transit. Shock front proceeds through magnetic field with continuous deceleration
{(a). Once the Reynolds number reaches values Ry 5 10, the current has become sheet-like vith a deflag-
ration-1like, intensifying discontinuity within & large subsonic zone of the plasmoid. Contact surface
encounter vith magnetic field (b) initiates downstream running vaves (c), (d}, (e).
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Fig. 9. Current. distridution for transitional plasmoid of Fig.8. Current concentration behind shock froat
st entry to magnetic field grows (a) vith corresponding heating and conductivity enhancement (reflected
in tempersture field of Fig.10).Shock front propsgates shead (b), but becomes increasingly free of
current. Electrothermally heated zone becomes the most highly conducting region of the plasmoid. This
heated zone {s convected vith the gas and strongly decelerated. Sharp rise in temperature end current

i occurs vhen unstably evolving current pulse (vhich is convected) collides with radiated vave (c). Current
pulse is then svept up by contact surface and resccelerated (e). Note current reversal due to sharply

. reduced magaetic field in upstreas portion of current sheet (f).
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HIGH MAGNETIC REYNOLDS NUMBER AND STRONG INTERACTION PHENOMENA IN MMD CHANNEL FLOWS

D. A+ Oliver, T. ¥. Swean, Jr., D. M. Markham C. D. Maxwegll and S. T. Demetriades
STD Research Corporation
Arcadia, California 91006

I. INTRODUCTION

In this paper we axamine some ph a of interest
ia magnetohydrodynamic (MHD) channel flowv at high
sagnetic Maynolds number. Such flows may be created by
chemical explosions and the ensuing NHD process may be
either inherently unsteady’ or quasi-steady.?

In cthe unsteady process (Fig. 1) the flow consists
of a hot plassa (“plagmoid”) formed batween a driven
ionizing shock wvave and its following contact surface.
The plasmoid is created by a a4 relsase of energy
into a driver section vhich is in contact with a test
gas in which the plasmoid propagates. The conducting
plasmoid enters a “gm in which an externally imposed
sagnetic field B and eslectrodes coupled to an
axternal circuit exist (Pig. 1). The plasma conducts
current t© this externsl circuit and is subject to
Lorentz forces and Joule heating as it propagates
through the magnetic field. If the explosion drive is
a chamical source, such & plassoid will be of the order
of 520 am in length in traversing & magnetic field
region of sho _qrdu of 100 am at velocities of the
order of 10 me . The plasmoid may exist at pressures
up to ' k bar and enexgyies of up to S ev.

in a steady flowv device, the physical schematic is
the same as in Pig. ' except that a stagnation chamber
axists ahead of the MDD channel in which the explosion
ariven g are pr d. This configuration yields
a hypersonic channel flow which is quasi-steady over
the flow time scale in the channel.

{2 4 .00.3 are the characteristic electrical
mmxv&y. sass dansity and velocity, the f(low may
be specified Dy an interaction number i and magnetic
feynolds number r- (in addition to the gasdynamic Mach

aumber)

m "O’OUO (1)

for an interaction region of length L, the nondimen-
sional aumbers are defined as
L L
Il{) idx Rm lj(; rmdx (2)

when R >> 1, the appropriate measure of the inter-
action tha parameter 3 defined as

S 2 (B3/ug) / ,sU%) (3

where the spatial average ¢ > is over the electrically
conducting portion of the region L. for a uniform
plasseid of lengeth &, these numbers becowe

T = col ‘/'ouo' I. . ’o"o"o" g - x/l-.

In Paret I of wvhat follows we consider
cwo~disensionsl electrical conduction under conditions
of high R_ for the unsteady flov of a plasmoid and ite
encownter wvith the applied magnetic field and the
slectrode syoten. In Pare 1[Il we congider the
two-dimensionsl stesdy, hypersonic flow of plasma at

nigh magnetic faynolds number through & constant area
rectangular duct. We descride the current distridution
ia the plagme of Parts I and III under the conditions
of nigh I. byt for vanishing intersczton 1.

In Part IV we consider the three-dimensional strong
interaction dynamics of & steady hydromagnetic channel
flow at high sagnetic Mynolds numbers. The quasi-
one~dimensional, strong-interaction, high l- ungteady
probles is treated in MNef. J.

Il. Unsteady High Magnetic Re' 1ds Number

Electrical Conduction
A. Governing Electrical Equation

Let us nov consider the form of the electrical
squations. The Maxwell equations and Ohm's law govern
the eslectric field E, magnetic field 3, and current
dengity J. Let cﬁ' the axis aligned wvith an applied
sagnetic field and let x,y be the coordinates
defining the plane of conduction. The current vector
then becomes J = J(J‘.Jy.O). the sagnetic vector

bacomes B = 5(0,0,8), and the velocity U = 3(5‘.3’.0)

Wu J is %,mnz vector nondimensionalized om
 fugse  8.71is the maximus value of the applied
magnatic field., U is the velocity nondimensionsliszed
on the duct inlet velocity U.. B is the magnetic field
nondt-.r&lonlllud on the maximus applied magnetic
field l-. We d_&v’dc the magnetic u(}f into the
applied portion B and a portion 3 which is
induced by the currents flowing in the plasma. The 4
Maxwell egquations and Ohm's lav then say ba combined (n
the induction equation form as

At . -~ ([~ /B Bt
282 . 2 ¥ . &g B“’i-a‘[n(i.%*é?;—) .
t x ay 7 m ax dy

3 Ix

(4)

22 2B, 20 2B 8 g 3O, 25 0). g0
3x 9x dy dy x = Yy

In Rq. (4), ; & ¢ /0 is the nondimensional magnectic
diffusivity, R is the magnetic Reynolds number based

upon Ucvo. and a, and
: 0}
501 o

The current density components are

- i) - .1 amit)
J = ,.B' !!‘— J = _“ol ’-'.— (3)
x dy y Ix

The doundary conditions appropriate to Eq. (4) are
that on insulating bdoundaries,

i(“ s constant (6)

while on conducters

2.‘.(2 = 0 (A
an
where n 18 the normal coordinete to the cenductor
surface.
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8. The Unsteady Flow Process

In the unsteady flov process, & plasmoid of initial
breadth a_  enters the magnetic field and electrode
region at %hu t = 0. The front of the plasmoid moves
at the shock-front velocity ut' The fluid particles
bshind the shock front and beyond the concact surface
sove it the plasmoid velocity U,.. Within che plasmoid
(demarked by the shock-front and contact surface), the
electrical conductivity is ¢ , while outside the
conductivity has the value ’u« 10 .

The applied magnetic field along the duct axis is
assumed to De given by the following model profile
function:

0 xl< ¥
3‘°"="5',:’< 1+exp(-aL)-exp(-a(x+L/2)] (®)
[l-cxp(-al./z)]z Il < L
<|< &
_ _expla(x-L/2}] 2
L [l-oxp(-aL/?.)]z

0
where l( )u the maximum applied field. The values

selected” aze L = 4n and a = 2/h wvhere h is the duct
height.

€. Resulting Electrical Distributions

Given an external load condition, and a given
plasmoid qusdynsmic condition we ssek to describe the
resulting current and induced magnetic field Adistri-
butions as the plasmnid progresses through the MHD duct
and gengrator section. We shall consider conditions
for U, /U,= 4/3 (corresponding to strong shocks in noble
gases] and (nitial plasmosd bresdths a /A = 1, The
naxisam nondtunu_cfg current flowing in the load
circuit is . & I/(po ) where I is the maximum current
per unit length ﬂovlns‘tc the external load.

The current streamline distributions (and corresponding
induced magnetic field distribution) for a magnetic
Reynolds nusber R = 10 are shown in Pig. 2. The coe~
plete dynamics of interaction batwesn the generator
current and the eddy-currents induced by the magnetic
field distribution are revealed in Fig. 2.

11X, Steady MMD Channel Flow at High R

A. Channel, Applied Magnetic Field and Flow
Contiquration

We now consider the electrical conduction resulting
from the steady flov of plasma at high sagnetic
Reynolds number in a constant area duct. The flowe
axist wvithin the duct geometry and applied magnetic
field distribution shown in Pig. ! in which the
generator electrode length is equal to the duct height.
The applied magnetic field is given by Eq. (0).

T™he flov field has been calculated as that
resulting from a reservoir which feeds the duct with
azgon a4t an inlet velocity of 10 km/sec, an internal
enetqgy of 37 KI/kq, & pressure of 10 k bar, and a
neninal electrical conductivity of 25,000 mho/a at the
duwet inlet. The resulting turbulent boundary layer
interaction 1s considerable as the flov proceeds down
the duece. These flow distributions have Ddeen
caleulated with the $TD Research Corporation Q1D family
of codes’s.

The generator alectrodes are located at 0.6 m

downstream from the duct entry from the driver. At the
station 10 cm upstream from the generator inlet (x =
0.50 m) the conditions of the flow are

Velocity at duct centerline 9612 m/sec
Tesmperature at duct centerline 36,800 x
Mach number 3.14
Boundary layer thickness 5.5 nm

At the center of the generator section (x = 0.60 m)
these values are

Velocity at duct centerline 9520 w/sec
Temperature at duct centerline 36,930 X
Mach number 3.
Soundry layer thickness 6.5 mm

At the exit of the duct, (x = 0.70 m) these values are

Velocity at duct centerline 9430 m/sec
Temperature at duct centerline 36,970 x N
Mach aumber 3.07

Boundary layer thickness 7.5 mm

This distribution of nonuniforma velocity and
temperature in x and y (with corresponding density and
conductivity nonuniformity) resulting froa the boundary
layers is used as the basis for the electrical
calculations utilizing Eq. (4). The nondimensionalized
valuss are based upon the velocity and conductivity at
the duct inlet (x = 0). The Reynolds number is based
upon the channel height, h and has the value R_ = 7.
The velocity and temperature profiles at various
stations along the duct are shown in Fig. 4. Since
these calculations decouple the electricity from the
fluid behavior (weak or vanishing interaction) only the
magnetic Reynolds nusber, R-, is a relevant electrical
parameter.

B.__Resulting Electrical Distributions

The appropciate electrical equations to be solved
are Eqs. (4) and (S) under steady state conditions.
Boundary conditions are ag given in Igns. (6) and (7).
The velocity and ctemperature profiles (and the
corresponding electrical conductivity profile) will be
similar to those shown in Fig. 27 however we shall
reveal the effects of different asbsolute electrical
conductiviity levels (or velocity or size levels) by
varying the sagnetic Reynolds number for the various
computed results.

In Plg. 4 we exhibit the open circuit and loaded
condition for a magnetic Reynolds number R = 1. It
can be seen that there is an onset of -oddy cells
induced in the regicas of magnetic field gradients and
&4 convection of the current pattern downstreas of the
generator. The principal generator current, however,
is still confined to the region between the electrodes.

In Pig. S we exhibit the same situation dut for a
magnetic Meynolds nusber R = 7, We note that consid-
erable current flov induled by the magnetic field
gradients exists under open circuit conditions. Note
how the upstream eddy cell actually couples into the
quenearator electrodes. Under load, we see that the

generator current exists cowpletely downstresm from the
electrodes.

In Fig. 6 the conduction field for a magnetic
faynolds number LA 17.5 is shown.

Again, considerable eddy current activity exists
both at open circuit and under load. The generator
current is again 4riven out of the interelectrode gap
and exists downstream of the electrodes.
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IV. Three-Dimensional Strong Interaction Dynamics
at High Magnetic Reynolds Number

A. Flow Structure Prediction in Hydromagnetic Channel

Flow

In short burst MHD generator channel flow
(timescale 100 us =~ 1000 u s) utilizing explosively
generated and compressed plasma as a stagnation
source, the flov is very nearly a steady channel flow.
At the plasma conditions of electrical conductivity,
length scale, and velocities achievable in such flows
both the interaction parameter I (ratio of Llorentz
force to change of momentum) and magnetic Reynolds
number l- are large. For the hydromagnetic flows
typical of the generators characterized Dby the
operating conditions of Table 1 we find the magnetic
Reynolds number R_ to be about 20 and the interaction
parameter 1 to be about 15/meter. These conditions
indicate that the deceleration time for the fluid is of
the order of the diffusion time for the external
sagnetic field (consisting of applied and possible
self-excited combinations) to penetrate through the
plasma. One may therefore expect very significant
interaction between the velocity field of the flow and
the nonuniform Loreantz forces associated with the
nonuniforn sagnetic field diffusion.

In Pig. 7 we indicate schematically the interaction
of the magnetic field with the high R channel flow.
Avay from the front and throughout e channel, the
lines are more sharply bent through the magnetic
boundary layers and resesmble the cross plane structure
shown in Fig. 7. At high magnetic Reynolds number the
magnetic boundary layers are thin and transverse
gradients in y,z are much stronger than axial gradients
in x. Correspondingly, the generator current is
concentrated in the magnetic boundary layers. At the
channel inlet the magnetic field is most strongly
excluded from the flows at the exit the field has
penstrated most deeply. We nowv ask hov a hydramagnetic
flow will respond in its velocity, current, Lorent:z
force, and power generation distributions to this
fundamental nonuniformity situation in high magnetic
Raynolds Number, strong interaction flow.

TABLE 1

Conditions for Illustrative High Magnetic
Reynolds Number Channel Flow

Generator Inlet Conditions 3
<> 7 x 10 ’/l
T 2.8 x 10 °X
P 3 k. byr
g S x |:’ mho/n
Ixternal Magnetic Field ('(0)) 107
Generator Cross Section (h) S
R 22 -t
'S T

8. The Mathematical Modsl

The fluid mechanical evolution is calculated with
the STD Research Corporation Q3D code family
described in * and .« In the version of the Q30 family
utilizsed in these calculations we center attention on
the axial velocity field U (x,y,2) and neglect the
effects of the cross flow secondary flow velocity
field. Since I » 1, the flowv is dJdominated by
electramagnetic rather than fluid hanical vi
effects, although cturdbulent viscous effects are
included in the calculation. Under conditions of I >>

e ki —ver m—— e e mwm e wemm =

1, Rn >> 1, it is possible to show that the transverse
Lorentz force is of order 1/R times the axial Lorentz
force. Hence, cross plane momentum is weakly generated
by lorentz forces compared to axial generation. The
primary source of cross plane velocity nonuniformities
is the redistribution of axial mass flow due to the
nonuniform deceleration.

let us now consider the electrical description.
with T = (U_,0.0), the three-dimensional induction
equation can be expressed as

aB _DUx A = -
U 5z °-B St X(B-NUY -V x(nVxB) (9)

where ;_: is the unit vector in the x~direction and N =
(B o) is the magnetic diffusivity. The boundary
conditions for B are as follows. As can be seen from
Pig. 7 , specifications of the boundary data for B on
the channel perimeter requires solution of the external
{outside the channel) as well as internal problem for
. As an alternative to solution of the external
problem, we approximate the boundary conditions for
B ,B_as
y'"z

7 (By +aB)exp(-\x) y>0

E
Y £ (B, +AB)exp(-Ax) y<0
onz = =
nzs 2
B, = By (1 - exp(-\x)]
(20)
B, = 0
ony = tﬂz
Bz = BO + AB exp(~\x)

where \ = LU'L;’L[ is the decay term for the fundamental
diffusion @ in a square duct, B  is the far-field
external value of the magnetic ﬁ.oldo (totally in the z
direction), and 4B is the maximum compression of the
magnetic field ac the generator inlet. It can be seen
that the approximate model (Eq. (10) possesses the
correct limiting values at x— w. Por l. » 1, the
values at x - 0 are also close to the full-field
exclusion solutions. The model is least accurate for
conditions of l- s 1.

For B_ the boundary conditions are n* e« tu, /2 on
z = %+ w/l where I is the total current per ung: depth
flowing in the generator in the transverse direction.

C. Magnetic Diffusion and Flow Interaction

We now consider the predictions for flow in the
generator channel of Fig. 7 under the conditions of
Table 1. For these conditions we set the generator
current at the nominal value

I = (1-K) w(ou Bz)

with K = 1/2 and v = the channel width. We assume that
no field has penetrated the plassa at the aslectrode
edge x = 0. (In general, one will expect a starting
magnetic Dboundary layer thickness at the channel
entrance dependent upon the plassa noszle geometry and
the fringe field location.)

The distribution of the transverse zurrent J _ and
the magnetic field component l: for various Sxial
stations in the channel are shown in Pig. 8 . (There
is an axially directed eddy current J_ associated with
~he fields 'z an? sv which is not shown here.! Az x =

i it A 1k e 1 0 T gl e




1.4 c» the magnetic boundary layers are exceedingly
thin (¥ 3 am)., They have grown to 1.4 cm at x = 14 cm
and 2.9 m at x = 28 am. The inward diffusing magnetic
field component lz is initially concentrated along the
valls parallel to the external magnetic field (elec-
trode walls; see Pig. 1), but the z component on the
side walls builds up as the flow proceeds down the
channel. The transverse current J_is initially
concentrated along the sidevalls and Yiitfuses inward
from these walls.

In Fig. 9 ve observe the impact of cthese
distributions of current and magnetic field on Lorentz
force and axial velocity. In the early stages of the
flow evolution the maximum axial lorentz force is an
the corners. This is because the maximum field B
exists on the electrode walls parallel to the z axif
and maximum current J_ exists on the sidewalls parallel
to the y axis. The daximum product of the two there-
fore exists in the corners. Throughout the entire
evolution, the maximum Lorentz force is concentrated in
the magnetic boundary layers along the sidewvalls.

The impact on the velocity distribution is strong
and significant. The initially flat velocity profile
is rapidly decelerated in the sidewall layers. By 12
cm the flow is actually reversed in the corners and the
regions of reverse flow spread. Because of the
deceleration of the wall regions by the inwvarad
diffusing Lorent:r force the core flow is accelerated.
From an initial value of 7 km/s the core flow is
accelerated to nearly 10 km/s by x = 28 om. Since
there is little Lorentz force in the core region, this
high velocity region is not effectively coupled by the
generator.

It should be noted that once reverse flow occurs
{stalled MHD boundary layers) the present prediction of
the actual velocity field in the wall layer region
cannot be considered correct since upstream feedback is
prohidbited by the method of calculation. The present
calculation is only definitive in its prediction that
stall will indeed occur. In actuality we conjecture
that the flow under these conditions will appear as
shown in Fig. 10 in which recirculation eddies are
trapped within the boundary layer region of intense
Lorentz force while the core flow jets through outside
the region of the eddies. In such a stalled flow,
there is little Lorentz force coupling to the high
aamentum jet in the central region of the channel.

As & demonstration that stall is not a peculiarity
of the corner region, we show the Lorent: force and
velocity profiles at ’S. 21 om for a higher interaction
situation (¢ = 2 x 10 mho/m) but otherwise conditions
identical to Table 1 (Fig.ll). 1In Fig. 12 we see that
the entire sidewall has reversed flow under these
conditions.

In rig. 13 wve show the distribution of pover
production <( J + E) over the cross section. Power is
only produced in the mid-wsll layer regions and is
actually consumed in the corner and sidewall layers
where reversed flow takes place. The overall power
extraction per unit length, dP/dx, is defined as the
integral of the power density over the channel cross
section:

8B, .[ [(T.Ere’
dx e

The idesl power extraction for uniform flow is

dp s K{t-K)euzB2A
(d")ldoal L

In fig. 14 #e axhibit the ra2:0 of =rese Juantities for
the conditions of Table 1. It zan de sean that for a

channel 15 om long, only 10 of the ideal power is
available and for a 28 cm channel only 27v is
available. These results nust be tempered by che
observation that beyond 12 aa the boundary layers have
begun to stall; it is not likely that powver extraction
will bes enhanced by realistic inclusion of the recir-
culation zones uynder stalled conditions. Hence, the
power extraction levels beyond x = 12 o will likely
not be reached.
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! explosion-driven plasmoid.
Upper figure in each time sequence indicates plasmoid position.

Nots intense eddy-current cells in (a) and (e) vhen plasmoid is in region of appiied magnetac

In (D), the gensrator current is concentrated in a thin

In 'ec), the plasmoid has progressed lownstream so that the generator current

In (d), the generator current and Jownstream eddy cell interact

the shock front is at :he

"edge”

(0)
I=Q
CONTOUR
INTERVAL

0.05

)] ?
I=05
CONTOUR
INTERVAL

0.05

{c)
I=]
CONTOUR
INTERVAL

0.1

(g)

I=0,5
CONTOUR
INTERVAL

0.0s

(e)

I 0
CONTOUR
INTERVAL

0.05

= 10 in unsteady passaqge of
of the applied magnetic field.
lover figure indicates magnezic field




e e

|
{
t .
i
| bk X 68 —-. i
[
1 "; /_—-—-\\ v-‘
gL
I - =
{ ! = =
- | I L =
‘l ! = =
{ 1 oYy
! t
I
h \
e " \‘ L SO © Y —
$300w19713 $300M15373
NIMLIS YT Y
0-3590

Pig. 3. Velocity and temperature profiles between
electrodes in turbulent supersonic plasma flow
in an MHD generator duct.
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rig. 4. Induced mangetic field isolevels B for
steady magnetohydrodynamic flow with profiles
similar to those of Fig. 3 and R_ = 1. In (a),

the generator is at open ctrcut:'(_, s 0) and in
(b) the generator is under load (7 1).
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Fig. S. Induced magnetic field isolevels 'i'(“ for

steady magnetohydrodynamic flow with the
profiles of rig. 3 and R_ 7., In (a), the
generator is at open circuit (J = 0) and in (D)
the generator is under load (= 1),
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Fig. 6. Induced magnetic field isolevels 'i'(“ for

steady magnetohydrodynamic flow with profiles
similar to those of Pig. 3 and R- s 17.5; In
(a), the generator is at open circuit (I = 0)
and in (D) the generator is under load (I = 1),
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Fig. 7. Magnetic field nonuniformities in n1gh Magnetic
Reynolds Number channel flow.
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Fig.10. Conjectured velocity streamlines in scalled
high Magnetic Reynolds Number channel flow
showing recirculation cells trapped in boundary
layer region.
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Fig.11. Lorentz force distribution at x = 21 ca corre-~ 8-2876
sppnding to higher interaction case (0= 2 x 1
1§g mho/m) but otherwise conditions as in Table 1. T19°13: ::‘;:q:*tgtiztog.d-n-ttv ::olutizz.:o:nt:;‘fncc

wall layer and oore regions but consumed in
near vall regions.
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Pig. 12. Velocity distribution at x = 21 cm correspongds 3% . ¥ EL) 5% 1.0
ing to a higher interaction case (c * 2 x 10 8-2677 e
sho/m) but otherwise conditions as in Table 1, Fig. 14. Matio of power emtraction per unit length to
Note that entire sidewall flov is reversed in ideal power extraction. Wall layers stalled
this case. over most of channel length.







